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When materials are processed under static or impact loads, a tool imprint is first formed, which is
later transformed into a series of interlocking marks. When a hard ball is pressed into a material, the initial
elastic deformation turns into plastic deformation as the load increases. Plastic deformations propagate,
leaving an imprint whose size depends on the properties of the material being processed.

The microhardness of a material is an important indicator of its resistance to indentation; higher values
reduce the size of the imprints and the depth of deformation, increasing the durability of the material. The depth of
the rivet, which depends on the depth of the print, is determined by a coefficient that varies depending on the
processing conditions. The diameters of the imprints and the load on the ball are described by the Hertz and
Meyer equations, which help to assess the nature of deformations in the elastic and plastic regions.

Machining processes that are affected by friction and material anisotropy are more complex, so the
proposed equations are of limited use. Plastic deformation indicates the degree of hardening of the material,
which varies depending on the structural components of the metal. In particular, martensitic steels exhibit a
higher pitting depth compared to sorbitol.

Strain hardening goes through three stages: initiation of dislocations, their interaction and
accumulation, and intensive displacement of dislocations. These stages are interrelated and affect the overall
mechanical properties of metals. Grain boundary displacements play an important role during deformation
at high temperatures, which can change the mechanical properties of the material.

Additionally, the study highlights the importance of understanding the microstructural changes
induced by plastic deformation during surface treatment processes. By analyzing the interaction of elastic
and plastic deformation, strain hardening mechanisms, and the effects of dislocation accumulation, the
research provides insights into optimizing the mechanical properties of metals. These findings are essential
for improving the durability, wear resistance, and strength of machined components, contributing to the
development of more efficient and reliable surface treatment technologies.

Key words: metallographic study, deformed metal layer, structural changes, water-pulse smoothing,
metal surface treatment, plastic deformation, microstructure, mechanical properties of metals, pressure
treatment, technological process.

Eq. 9. Fig. 16. Ref. 10.

1. Problem formulation

A sample for metallographic examination of the metal structure is called a grind. Since metal
microstructure is studied in reflected light, the surface of the grind must have a minimum deformed layer, be
flat, have maximum reflectivity without scratches, and allow for the distinction of microstructure elements
due to uneven light reflection or relief formation [1-3]. The grind should reflect the microstructure of the
entire product or part of it, so it is important to choose the right part of the product and the location of the
surface to be examined.
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The microstructure of materials after plastic deformation is studied in the direction of deformation.
Since the deformation can be uneven in different parts of the specimen, several specimens are cut along and
across the direction of deformation.

For cast materials, the microstructure is determined by examining several grinds from different parts
of the ingot: peripheral and central [1]. If the moulded product has different dimensions in different places
(as in moulded steel), the microstructure is examined in all distinctive sections - from the largest to the
smallest.

The microstructure of heat-treated alloys is examined in the surface and deep layers of the part. To
analyse the microstructure of materials produced by powder metallurgy, several samples are taken from the
central and peripheral parts of the pressed material.

Microanalysis is used to study the causes of parts failure during operation. [1,2]. Microanalysis is
used to study the causes of parts failure during operation.

The surface area of the grinding wheel is typically around 1 cm?, and the height of the sample should
be at least 10 mm for ease of use. To produce grinds from smaller workpieces (e.g. tape, wire), they are
placed in a cylindrical mandrel or filled with plastic after cutting (Fig. 1, a).

a)
Fig. 1. Methods of fixing small samples in preparation for metallographic studies [1]:
a — plastic mould, b — clamps of various shapes

In some cases, metal screw clamps are used to fix small samples (Fig. 1, b). These clamps provide
reliable fixation of samples of various shapes and sizes, which allows them to be prepared for metallographic
studies with high quality, while maintaining the integrity and accuracy of the surface [1,2].

2. Analysis of recent research and publications

Preparing a flat grinding surface is necessary for further analysis of the material's microstructure and
involves several steps: cutting, levelling, grinding and polishing. All these operations are performed in such a
way as not to cause changes in the microstructure of the metal [1-3]. Particular attention is paid to the first
and second steps, as they should not be accompanied by deformation of the surface layers or heating of the
sample. After preparation, the surface of the grind should be flat, smooth, free of scratches, pits and
contamination, which ensures the reliability and accuracy of the results of metallographic examination.

The workpiece for the grinding wheel is usually cut using abrasive wheels, while the surface is
levelled using lathes, milling machines or grinders. Saws, milling cutters, or incisors are used to process soft
materials [1, 2]. In the case of high metal hardness, the sample is cut with carborundum, diamond or
vulcanite wheels. To minimise surface deformation and sample heating at this stage of preparation, it is
important to choose the right tool and processing mode, as well as to ensure intensive cooling of the
workpiece and tool [1-3]. This preserves the integrity of the metal's microstructure and improves the quality
of the prepared grind.

Grinding is performed to reduce irregularities on the surface of the sample. For this purpose, abrasive
papers with different numbers are used, which indicate the grain size of the abrasive powder attached to the
paper or cloth backing [1]. The sanding process begins with coarse-grit paper and gradually moves to finer
grit. The sample is ground until all scratches from previous processing are completely removed. After each
grinding step, the sample must be cleaned of abrasive residue and ground metal before moving on to a finer
grit paper [2]. Usually, 4 to 5 abrasive paper numbers are sufficient. After grinding, the sample is thoroughly
rinsed under running water and dried in preparation for further analysis.
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It is important to avoid severe deformation when grinding soft non-ferrous metal samples, as this can
adversely affect their microstructure. Additionally, abrasive particles that come off the abrasive paper can be
pressed into the surface of metals along with metal chips, which also impairs the quality of the finish. [2,3].
To prevent this, it is important to regularly clean the abrasive paper of worn abrasive particles or use special
protective materials.

For example, when used for aluminium grinders, the abrasive paper is waxed to reduce friction and
prevent chip adhesion, resulting in a better finish. It is not only suitable for aluminium, but also for other soft
metals that require gentle sanding [2,3]. The right choice of sample processing method and tools guarantees
the preservation of their physical and chemical properties, which is important for further analysis.

Polishing is an important step in the preparation of the sample, as its purpose is to further reduce
irregularities on the flat surface. This process is completed when all surface marks and scratches are completely
removed and the sample has a mirror-like smoothness. If, despite prolonged polishing, traces of defects remain,
the sample must be additionally processed with fine-grit sandpaper and then polished again [2-4].

Polishing can be performed using mechanical, electrolytic or chemical methods. The polishing
process uses a variety of abrasives such as aluminium oxide, chromium oxide and other oxides. For hard
materials, in particular, diamond powder paste or diamond wheels are used to provide a high level of finish
and surface quality.

It should be noted that after polishing, the microstructure of the sample is usually impossible to
detect, as the surface becomes very smooth [2-4]. However, there are exceptions, such as alloys where the
structural components differ significantly in composition and hardness. In such cases, different areas of the
grind are subjected to different degrees of polishing, which can lead to the formation of relief on the surface
of the sample.

After polishing, regardless of the method chosen, the abrasive is rinsed with water and then treated
with alcohol to remove any remaining abrasive particles. Finally, the sample is dried using filter paper,
making it ready for further analysis. This is an important step, as the cleanliness and dryness of the sample
surface play a key role in the accuracy of the metallographic results [2-4].

To reveal the macrostructure of the material, it is necessary to grind and polish the working surface
of the sample with high quality. After completion of these steps, the prepared sample for macrostructural
analysis is called a macro-grind. When viewed under a microscope, a macro-grind appears as a light circle on
which dark areas - grey or black, and sometimes even yellow or other colours - can often be observed,
usually of small size. These areas indicate the presence of non-metallic inclusions that may be the result of
the manufacturing process or certain impurities in the alloy [2]. In some alloys, dark areas can be
characteristic structural components.

In addition, the porosity of the material can be detected by examining the unetched macro-grind.
Porosity is an indicator of the degree to which the volume of a material is filled with pores that occur during
manufacturing or use. The presence of small cavities in the structure of the material may indicate
deficiencies in the manufacturing technology or the impact of external factors on the material during its
operation. The determination of porosity is important for assessing the mechanical properties of a material,
as materials with a high degree of porosity usually have reduced strength and resistance to stress.

Thus, a high-quality macro-grind preparation not only reveals the macrostructure of the material, but
also provides important information about its physical properties and potential defects, which can be useful
for further analysis and application in various industries [2].

In order to study the microstructure of a material, it is first necessary to identify it. The process of
microstructure detection typically involves creating a shallow relief on the polished surface of the sample,
where the configuration of the bumps reflects the location and contours of individual crystallites. In some
cases, this relief can occur directly during the polishing process. For example, during mechanical polishing,
hard crystallites usually protrude on the surface, while soft components may be recessed [2].

In most situations, the relief is formed by etching - a short-term exposure to a reagent that causes
selective dissolution or chemical change of the material. To do this, select the appropriate etchant and
duration of etching, based on reference data or by conducting experiments. It is important that this process
provides an accurate representation of the microstructure of the material, as this affects the subsequent
quality of the analysis.

After successful completion of these procedures, the sample prepared for microstructural analysis is
called a micrograin.
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The micrograin should be clear enough to allow the researcher to observe and analyse the crystal
structure under a microscope. The quality of the microgrit preparation directly affects the accuracy of the
data obtained, so attention to detail at every stage - from polishing to etching - is critical to the success of
microstructure analysis [2,3].

Micro-etching reveals two key characteristics of the microstructure of metals and alloys:

1) polycrystalline grain structure, including grain size, shape and distribution;

2) structural components of alloys.

A structural component is an element of a structure that looks like a homogeneous part during
metallographic examination. Determining the microstructure of an alloy is a complex process, as it requires
consideration of many factors [3].

When a microgrit is subjected to an etching process, different areas of its surface receive different
degrees of treatment. For example, heavily etched areas of the grind appear darker under the microscope.
This is because the intensity of the light reflected from these areas decreases. The more strongly the surface
is etched, the more it scatters light, which in turn leads to less light entering the microscope objective (Fig. 2,
a). This phenomenon makes it possible to visually distinguish different structural components of the alloy
and better analyse their characteristics [3].

Thus, the etching process not only improves the visibility of the microstructure, but also contributes to
a more detailed study of its components, which can be useful for assessing the material's properties and its
behaviour under various operating conditions (Fig. 2, a).

b)
Fig. 2. Detecting the microstructure of an alloy:
a — scheme of forming an image from the surface of an etched grind; b — etched sample with a
homogeneous phase structure.

In a sample with a homogeneous phase structure, the boundaries between the grains are subjected to
stronger etching compared to the volume of the grains themselves. As a result, microscopic examination
reveals grooves that look like a dark mesh (Fig. 2, b).

To achieve this effect, various etching methods are commonly used, including chemical, electrolytic,
and thermal [3-5]. Chemical etching involves the use of special solutions that selectively react with the
material, emphasising the grain boundaries. Electrolytic pickling is carried out using an electric current,
which allows for precise control of the processing depth. Thermal etching, in turn, can involve heating the
material to improve microstructure detection.

These methods provide researchers with detailed information about the structure of a material, which is
important for assessing its physical and mechanical properties and behaviour under different operating conditions [3-5].

There are two important effects of chemical or electrolytic pickling. Firstly, grooves are formed at
the grain boundaries, which clearly mark the boundaries of the crystal structures. Secondly, there is a
noticeable roughness of the grain surface, which can affect both different phases and grains of the same
phase. The latter phenomenon occurs when the crystal lattice planes of different grains of the same phase
coincide with the plane of the grind, which leads to a heterogeneous surface finish [3-5].

The grain boundary grooves are caused by the fact that the atoms in these areas have higher energy,
making them more susceptible to chemical dissolution reactions. As a result, the grain boundaries, which are
usually less stable, are exposed to more intense reagent attack, which causes grooves to form. This process is
important for a detailed study of the microstructure of materials, as it allows us to identify the boundaries between
grains and reveal their properties, which can significantly affect the characteristics of the finished product [3,4].

The unequal surface roughness of grains, both of different phases and of the same phase, arises from
variations in chemical activity, which in turn are associated with different properties of these phases or the
density of atoms packed on different planes of the crystal lattice. This means that the grain boundaries
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usually have a higher activity than the central parts of the grains themselves, which leads to greater chemical
dissolution during the etching process.

The atoms inside the grains have lower energy than the atoms at the boundaries, which results in a
lower depth of relief on the grain surface. When examining samples in reflected light, the maximum optical
contrast is observed between areas with different relief depths, in particular between grain boundaries and
their volumes [3,4]. In contrast, the contrast between individual grains is much less pronounced due to slight
differences in the depth of the surface irregularities.

Thus, the heterogeneous surface roughness of grains can serve as an important indicator of their structural
and mechanical properties. This allows researchers to study the composition and behaviour of materials in more
detail, and to understand how these factors can affect the overall performance and performance of products.

The contrast of the microstructure image can be significantly improved by ‘colouring’ the grains in
different colours, which is achieved by creating a transparent oxide film on the surface of the grinding wheel. The
thickness of this film varies depending on the grains, which leads to the appearance of different colours when
observed in white light due to the interference phenomenon [3]. Such oxide films are formed as a result of heating
a polished or lightly etched grinding wheel in an oxidising environment, which activates the oxidation process.

In addition, specific reagents have been developed for certain alloys that react with the sample
material to form coloured films on the surface of grains of different phases. This makes it possible not only
to enhance colour differentiation between different structures, but also to provide more information about
their chemical nature and mechanical properties [3].

The use of such methods improves the ability to visualise the microstructure, which in turn
contributes to more accurate material analysis. Thanks to the variety of colours, researchers can more easily
identify structural features such as non-metallic inclusions, porosity or inhomogeneities in the composition,
which are important aspects when assessing the quality and suitability of materials for various applications.

Thermal etching is an effective method that is carried out by heating the polished grinding wheel in a
protective atmosphere or under vacuum. This technology makes it possible to create a relief on the surface,
in particular grooves on the grain boundaries, which are formed by removing atoms from areas where their
energy is high [3-5]. This is due to the increased mobility of atoms at high temperatures, which are at least
60% of the material's melting point.

Before proceeding to the heat-etching process, it is important that the abrasive is pre-polished. This
can be done using electrolytic or chemical methods. This pre-treatment provides a more uniform and smooth
surface, which in turn contributes to a sharper relief during thermal etching.

This pre-treatment provides a more uniform and smooth surface, which in turn contributes to a sharper relief
during thermal etching. The resulting grooves and reliefs significantly improve image contrast during microscopic
examination, allowing for detailed study of grain boundaries and their interaction. This method is particularly useful
in metallography, as it allows the detection of microstructural features such as porosity, inclusions or
inhomogeneities in the structure of a material, which is of great importance for assessing its properties and purpose.

It is recommended to begin the study of the macrostructure of materials by examining the unetched grind
under a microscope [3-5]. This approach allows you to get the first idea of the structure of the material without the
influence of chemicals that can change its natural characteristics. For example, in steels against a light background,
non-metallic inclusions are clearly visible as dark areas. These areas may have different shades and even be coloured
differently, indicating the presence of different elements or phases in the alloy (Fig. 3).

Examination of the unetched surface is an important step, as it allows us to identify defects such as
inclusions, cracks or inhomogeneities that can affect the mechanical properties of steels. In addition, the
visualisation of non-metallic inclusions helps to identify the presence of impurities that can affect the
corrosion resistance and other material characteristics [4].
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Fig. 3. Non-metallic inclusions in iron and carbon alloys (steel, cast iron):

a— sulphurous iron (FeS); b — brittle oxides; ¢ — graphite in cast iron
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This preliminary study is the basis for further macrostructure analysis and provides valuable
information for assessing the technological processes used in steelmaking and their behaviour in service. The
collected data can be useful for further optimisation of the material composition and selection of optimal
processing technologies [4].

By analysing the polished surface of the grind at low magnifications, important information about
the material structure can be obtained. This allows you to assess the amount, type and uniformity of
distribution of non-metallic inclusions that can affect its physical and mechanical properties.

In addition, this analysis can be used to investigate the porosity of the material, which is a critical
indicator, as the presence of pores can indicate defects that occurred during manufacturing or processing. For
example, shrinkage sinks resulting from insufficient mould filling during casting, or liquefaction resulting
from uneven cooling, can have a negative impact on the overall condition and durability of the material.

Identifying these defects is important for product quality control and further process optimisation [4-
6]. The information obtained from the analysis helps in making decisions on possible adjustments to the
manufacturing process, as well as in improving the materials used to create new alloys or products. It also
helps to improve the reliability and safety of products in the field.

After studying the macrostructure parameters, the grind is pickled and then analysed again with a
metallographic microscope to determine the microstructure. This process allows us to determine the number
of structural components, their size, shape, colour, arrangement and homogeneity.

Most metals have a polycrystalline structure made up of individual grains, also known as crystallites.
It is important to note that the size and shape of these grains largely depend on the technology used to
produce the metal, as well as the nature of its subsequent processing. For example, casting, rolling, forging
or extrusion methods can produce grains of different shapes and sizes (Fig. 4, a, b) [4-6].

The importance of these parameters cannot be underestimated, as they have a direct impact on the
mechanical properties of the material. Determining the number and size of grains can give an indication of
the strength, ductility, and overall resistance of a metal to external stress. For example, fine-grained materials
tend to have better mechanical properties because their grains are more resistant to cracks and deformation.

The data obtained helps to identify patterns between technological processes and the characteristics
of finished products, which in turn is the basis for optimising production, improving the quality of materials
and enhancing their performance p

Fig. 4. Differences in the structure of iron during plastic deformation:
a — initial state; b — change in the shape of material grains under conditions of significant plastic
deformation.

In alloys, the structure is usually more multifaceted and complex than in pure metals. Alloys can
have a different number of structural components, which significantly affects their physical and mechanical
properties. For example, an alloy can contain only one structural component (Fig. 5, a), or consist of two
different phases (Fig. 5, b), or even have a more complex multicomponent structure with three or more
structural components (Fig. 5, c). [4].

Fig. 5 Alloy structures: a — 08PS steel, b — LS59-1 brass, ¢ — B83 babite
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Each of these phases may have different characteristics that determine their interaction, resistance to
deformation, corrosion and other important aspects. The composition and the ratio between the structural
components of an alloy can also have a significant impact on its use in industry and everyday life.

After a detailed study of all structural elements, you can proceed to both qualitative and quantitative
microstructure analysis. Qualitative analysis allows for the evaluation of microstructure characteristics such
as grain shape, size and type, as well as the identification of defects or inclusions.

Quantitative analysis, in turn, makes it possible to determine numerical parameters, such as the
percentage of each structural component, as well as statistical indicators that characterise the distribution and
structure of grains. This comprehensive approach to microstructure analysis is important for understanding
the mechanical properties of a material and for predicting its behaviour in service [4-6].

3. The purpose of the article

The purpose of the study: to investigate the change in the structure of the metal surface layer during
water-pulse smoothing by means of metallographic analysis to determine the change in the shape and
roughness of the deformed grains of the material under study. To achieve this goal, we need to solve the
following tasks:

- to create the conditions for obtaining a micro-grind of the material under study;

- to compare the change in deformed grains after smoothing with the untreated surface of the
material under study;

- analytically justify the nature of deformations depending on the type of load and material;

- taking into account the information received, draw conclusions.

4, Results of the researches

The surface layer formed during surface plastic deformation (SPD) of parts is the result of complex
and interrelated processes occurring in the deformation zone and adjacent areas [4-6]. These processes
include repeated elastic and plastic deformations, changes in the mechanical and plastic properties of the
metal to be processed, friction, thermal effects, and transformation of the micro and macro structure of the
material. An important aspect is the microgeometry of the machined surface, which affects the final
properties of the part.

The main parameters that characterise the PDE include elastic and plastic deformations in the
deformation cell, the contact area between the tool and the machined surface, and the force acting on the
tool. This force causes stress, which in turn affects the amount of deformation and the formation of new
microstructures in the metal surface layer. The microhardness of a metal is an important indicator, as it
reflects its ability to resist further deformation and will affect the wear resistance of machined parts [4].
Thus, the control of PDE parameters and metal microhardness are key to achieving high machining quality
and product life.
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Fig. 6. Deformation of metal when pressing a spherical indenter:
a — imprint; b — dependence of elastic and plastic deformations on the indentation stress.

When a static or impact action is applied to the workpiece, a tool impression is first formed, which is
then transformed into a series of adjacent impressions or marks. When a force F is applied to a solid ball
(Fig. 6, a), it is pressed into the material: at the beginning of the process, the deformation is elastic, and with
an increase in the force F, it turns into plastic (OAB line, Fig. 6, b) [4]. After the plastic deformation occurs,
the reverse process occurs along the BC line, leaving an imprint of size d corresponding to the OS. The
plastic deformation under the impression spreads evenly and reproduces the shape of the ball with minor
distortions (Fig. 7) [4,5].
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The microhardness of the material determines the resistance of the surface to tool indentation. Higher
microhardness values reduce the size of residual impressions and reduce the depth of plastic deformation,
which ensures greater material durability.
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Fig. 7. Zone of plastic deformation propagation along the curvature of a rectangular mesh

The depth of the adhesive h is proportional to the depth of the print, i.e. h = mhl, where the
coefficient m can vary from 2 to 20 depending on the processing conditions.

e The relationship between the diameter of the imprint d and the load F on the bullet during its
penetration in the elastic and plastic regions is described by the Hertz and Meyer equations [5]:

e  For the elastic region, the Hertz equation is used to determine the deformation of the material as
a result of the elastic indentation of the ball.

e In the plastic domain, Meyer's equation is used to relate the diameter of the impression to the
load when plastic deformation occurs.

Thus, when treating a surface with a ball, these equations allow us to estimate the nature of
deformation depending on the type of load and material.

F= ! q°

2 2
3D(1—u 1 ;a] )
E E,

F=a-d", (2)
where D — the diameter of the ball; E, E1 — Modulus of elasticity of the ball and the material being
processed; g 1, — Poisson's ratio of ball and material; a, n = 2 — plasticity constants.

The above equations are valid for deformation conditions without friction, when the contacting bodies
are isotropic, obey Hooke's law, the contact area is small, and the load is applied perpendicular to the machined
surface. However, in PDE processes, the deformation conditions are much more complex [5,6]. In particular,
the influence of friction, material anisotropy, and other factors can significantly change the way the tool
interacts with the surface. Therefore, these formulas are of limited use for PDE, but they provide an insight into
the main power relations that arise during this process. The degree of plastic deformation is equal:

e=d/D, (3)

where d — the diameter of the imprint (dimple); D — the diameter of the sphere to be pressed.
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Fig. 8. Dependence of the depth of the riveted zone h from the depth of the print h, for carbon steels with

different structures: a —iron; b —steel 35; ¢ — steel 45; d — steel 60; e — U8;
F — ferrite; M — martensite; P — pearlite; S — sorbite
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For different PDE methods and processing conditions, the hardening factor can vary from 0.1 to 0.9,
and for structural steels it is in the range of 0.3-0.7. Different structural components of a metal have different
ability to strengthen. In particular, for the martensitic structure, the depth of the riveted zone is significantly
greater than for other structures under similar processing conditions. On the contrary, sorbitol is
characterised by the smallest depth of the riveted layer (Fig. 8) [5].

The microhardness of the metal plays a key role in the hardening process. Metals with a higher
microhardness form a thinner riveted layer because they are less susceptible to plastic deformation.
Structures with low microhardness, such as sorbitol, have less resistance to hardening, which leads to greater
penetration of deformation into the metal [5, 6].

The degree of adhesion of different structures is determined by the relative increase in hardness.

AHV
WlOO and kept under the same conditions, the results shown in Figure 8 show that sorbitol has not only

the lowest depth of adhesion, but also the lowest degree of hardening. The depth of the spalling h depends on
the applied strain force F and is expressed as their ratio.

h =/P/Q2ar), (4)

where o — yield strength of the material.
For structural steels with an error of no more than +10 % a fair ratio of o; = HB/3, so

h=+3P/HB, h=15d (Fig. 9).

As the force F increases, the depth of the rivet increases as the higher pressure allows for deeper
penetration of the tool into the material [5, 6]. The microhardness of the metal also affects this ratio:
materials with high microhardness show a lower depth of pitting for the same level of strain, as they are
more resistant to plastic deformation.
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Fig. 9. Degree of maximum adhesion for metal structures of different hardness

When the same static load is repeatedly applied to the ball while it is being pressed into the same
location, no significant increase in the size of the plastic impression is observed. This is due to the fact that
static loading leads to the formation of a stable plastic deformation that is not subject to significant changes
under repeated impacts.

Unlike static indentation, impact indentation of the ball causes significant changes. When the number
of strokes is increased to 15-20, the print size can increase by 1.25-1.55 times for different processing
conditions (Fig. 10). This growth occurs due to the accumulation of energy during impacts, which allows the
material to move to new states of plastic deformation [5-7].

Interestingly, this increase in imprint appears to be smaller in the case of hard steels, as they have a
high resistance to deformation. The diameter of the ball does not have a significant effect on the size of the
imprint, which indicates that the main factor determining the behaviour of the material during impact

indentation is its microhardness and mechanical properties:d,, /d =1.55—HB/1000.

The depth of the riveted zone formed during impact indentation of the ball is almost equal to the
depth of the riveted zone obtained during static single indentation, provided that the diameters of the
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impressions are equal. This indicates that the dependence of the parameters on the depth of the riveted layer,
established for static indentation, can be correctly applied also under impact loading [5].

The impact load is determined by the impact energy transferred to the tool or workpieces and the
deformation rate. Impact energy can be generated in various ways: for example, by imparting certain
parameters to the flow of shot or a stream of steel balls using compressed air, liquid pressure, and centrifugal
forces [6]. Other methods of generating impact energy are the use of vibrational movements of the working
medium or the use of pneumatic and spring devices to transfer the impact load to the deforming tool
(impactor).

Thus, the variety of ways to generate impact energy makes it possible to optimise material
processing processes, in particular in the context of achieving the required depth of peening and surface
hardening.
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Fig. 10. The nature of the propagation of the riveted zone under the surface of the print

During machining, the impactor, in addition to performing useful work to deform the material, also
consumes energy for elastic rebound and overcoming friction forces [6]. For machining structural steels, the
potential energy of the impactor should be 15-20% higher than the energy directly used for deformation. The
energy expended on the elastic rebound of the Eg impactor depends on the mass, stiffness of the workpiece
and the characteristics of its material, and can be 25-30% or more. Knowing the spring compression force F,
and the stroke of the impactor X, it is possible to accurately estimate the potential energy of the impactor E,
and the impact energy E, [6, 7].

EH:Ep'XZEy+EB- (5)

The optimum impact energy varies between 5-80 J depending on the diameter of the impactor (ball)
and the hardness of the material being processed, with the range for structural steels being 15-50 J.
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Fig. 11. Dependence of the energy of a single dynamic indentation Eu of a spherical ball on the
degree of deformation e for balls of different diameters
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The physical essence of strain hardening is the mutual inhibition of dislocations when they increase
significantly. The dependence of the stress required to continue plastic deformation on the dislocation
density is expressed through the microhardness of the material [7].

o, = aGb,/p, (6)

where a — is a coefficient that depends on the nature of the metal, its crystallographic orientation,

structure and the contribution of various dislocation inhibition mechanisms to the overall hardening; G- is the
shear modulus; b — is the Burgers vector; is the dislocation density.

With an increase in the degree of deformation, there is an active increase in the density of
dislocations. This phenomenon is related to the mechanisms responsible for the emergence and distribution
of dislocations in the material, since a larger strain creates conditions for the generation of new dislocations
and their accumulation in the structure [6,7].

Thus, changes in the dislocation density can significantly affect the mechanical properties of a
material, including its strength and ductility.

p=po+Ce% )
where p, — the initial density of deployments; C and @ — coefficients and parameters that depend on
the type of crystal lattice and other real deformation conditions; & — the degree of deformation.

The usual values of these parameters for different types of metals. is: a = 1,0 %
0,5, po (10°..107) sm™2 , C = 1081 sm=2 . In case of significant deformation (¢ - 1) The number of
dislocations increases to their maximum possible values. p = (1012...10*) sm™2 .

The movement of dislocations in a crystal is affected by a number of energy barriers arising from the
presence of other dislocations or their clusters [7]. The braking caused by the elastic interaction between dislocations
is the main mechanism of strain hardening. This strengthening becomes particularly noticeable and sharply
intensifies at the moment when the displacements in the planes intersecting the original sliding system cease.

Dislocation clusters play an important role in strengthening metals during deformation [6-9]. When
several dislocation loops move along the sliding plane from a single source, and one of them stops due to an
obstacle, then, when the second dislocation loop approaches the stopped section of the first one, the distortion
in this area increases. This is due to the interaction of dislocations of the same sign, which creates additional
distortions. The stresses arising from this interaction propagate around the close dislocation sites, expanding the
distorted lattice zone and increasing the overall microhardness of the material [6, 8]. Thus, the interaction of
dislocations contributes to the improvement of mechanical properties of metals during their deformation.

The effect of metal hardening is explained by the fact that the general stress circle arising from a
large accumulation of dislocations can reach the source of deformation and affect it in the direction opposite
to the external applied stress. This leads to an increase in the strength of the material, as internal forces are
generated that counteract external loads.

During plastic deformation, due to the different orientation of the material grains in relation to the
applied force and their heterogeneity in strength, different grains undergo deformation in different ways.
These changes in the shape of the grains are accompanied by changes in their spatial position, which leads to
displacement along the grain boundaries [7, 8]. This displacement becomes particularly important during
deformation at high temperatures, when the role of grain boundary displacement increases. Under these
conditions, increased slippage occurs between the grains along the boundaries, which is not accompanied by
a change in the shape of the grains themselves. This slippage contributes significantly to the distribution of
stresses in the material and can change its mechanical properties, such as ductility and strength. In particular,
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the increased displacement along grain boundaries can lead to an improvement in the material's ability to
withstand external loads without fracture.

The mechanism of deformation within grains varies depending on their structure. In small-angle
boundaries with a dislocation structure, the displacement occurs mainly along the dislocation interface. At
high temperatures, movement along grain boundaries becomes easier, since, in addition to the shear
mechanism, the diffusion plasticity mechanism begins to play an important role, in which the main way of
movement is the vacancy mechanism [7].

Strain hardening occurs in three stages due to the specific movement of dislocations during plastic
deformation. At the first stage, dislocations are initiated, leading to the formation of new dislocation loops.
At the second stage, they interact and accumulate, which leads to an increase in the number of dislocations in
the material. At the third stage, intense dislocation displacement is observed, which in turn leads to a
significant increase in material strength [7]. These stages are interconnected and determine the overall
mechanical properties of metals during their deformation, which allows the development of new materials
with improved characteristics.

T

&
Fig. 13. Strain hardening curve of metal.

Stage |. At this stage, known as the easy slip stage, a low strain hardening coefficient indicates that
dislocation movement occurs predominantly in one system. At a low density of initial dislocations, the
number of barriers, the magnitude of elastic stress fields, and the number of thresholds on dislocations
remain relatively small and grow weakly during deformation [8]. This means that the dislocations can move
without significant obstacles at any given time, resulting in easy sliding of the material. Thus, at the first
stage, there is a gradual development of plastic deformation, when the forces required for further
displacement of dislocations remain quite low.

Stage 1. At this stage, known as the multiple slip stage, the density of dislocations increases sharply,
leading to a significant increase in the number of their intersections. As a result, the number of barriers
increases and powerful clusters and tangles of dislocations are formed [8]. These factors, which inhibit the
movement of dislocations, become key in the material hardening process. By effectively inhibiting the
movement of dislocations, the strain hardening coefficient is significantly increased, making the material
more resistant to further deformation. At this stage, the dislocations can no longer move freely, as at the first
stage, and are forced to interact with each other, which increases the mechanical strength of the material.

Stage Ill. This stage begins when the stresses reach a level sufficient for active transverse sliding of
dislocations. By the time it starts, sliding in all systems is already slowed down due to the presence of
various barriers formed during the previous stages of deformation. At the third stage, the movement of
dislocations becomes more complicated due to the massive intersection of their trajectories, which leads to
intense interaction between dislocations [8]. During this period, the material experiences maximum
resistance to further deformation, as complex dislocation structures arise that significantly increase its
strength. The transition to cross sliding also increases the total number of barriers, which further strengthens
the strengthening process.

Further deformation of the material occurs as the helical dislocations bypass the obstacles by means
of cross-sliding. When this process begins, the strengthening factor decreases. There is a dynamic restoration
of the structure, as the process of their annihilation (mutual destruction) begins due to the increased
probability of meeting dislocations of opposite signs on the same plane [8-10].

Plastic deformation can occur both during the impact interaction of the tool with the workpiece and
during static contact. Impact indentation requires 1.7-2.8 times more energy than static indentation,

18



Ne 4 (127) / 2024 TexHika, eHepreTuka,

% TpaHcnopt AIIK
E < Vol. 127, Ne 4 / 2024

depending on the hardness of the material. This is because at high loading speeds, plastic deformation occurs
in a shorter time, and therefore more stress is required to change from elastic to plastic deformation.

When the impact speed increases to 7.8 m/s, the dynamic tensile strength of the steel increases
significantly, but further increases in speed no longer have a significant impact on the tensile strength. The
stress-strain relationship under dynamic loading is always greater than under static loading. While the elastic
limit of impact remains almost unchanged, the yield and strength limits are significantly increased.

When the loading speed is increased to 100 m/s, for example, for Armco iron, the yield strength increases by
3.4 times, for steel 45 - by 3 times, and for St3 - by 2.8 times. The tensile strength for heat-treated carbon steels
increases by 43% and for Armco iron by 55%. However, as the material hardness increases, the intensity of the
change in these characteristics decreases, in particular, they change the least for high-strength steels.

The change in the mechanical properties of the metal in the surface layer during processing by the
PDE methods is shown in Figure 15 [8]. For example, when diamond smoothing corrosion-resistant steel and
aluminium alloy under optimal conditions, the tensile strength of the material's surface layer can double.
During PDE, heat is generated by deformation of the metal surface layer and friction, which heats the
workpiece, tool, working bodies and the environment. Strain heat is generated directly in the deformation
zone, while frictional heat is generated at the contact surface. The heat source is local and is characterised by
its effective heat output, i.e. the amount of heat generated per unit of time and its distribution in volume. The
bulk of the heat is generated as a result of plastic deformation, which corresponds to the shape of the
deformation centre (Fig. 16), and the process is accompanied by instantaneous local heating and rapid heat
removal into the workpiece [8, 9].

The time of contact between the workpiece surface and the heat source depends on the speed of the
heat source and its size in the direction of movement. The points lying on the X-axis have the longest contact
time (when the source is moved along the X-axis). Points located at depth (z > 0) have a shorter contact time.
For a point on the Z-axis that is on the edge of the source, contact with the heat will be instantaneous. If we
denote by | the size of the source in the direction of its movement, then the heating time of each point on this
axis can be calculated based on the speed of the source..

t=1/v. (8)

Since the size of the deformation cell is influenced by numerous machining parameters such as
pressure and tool size, the heating time depends not only on the tool speed but also on these parameters. If
the temperature (O) resulting from the heat source is known, the heating rate is determined by the interaction
of several factors: the intensity of heat generation in the deformation zone, the friction power, and the heat
dissipation capacity of the material.

. MPa The heating rate depends on the local heat

600 concentration and the pressure generated by the tool.

The higher the pressure and the smaller the tool size,

500 A the more heat is concentrated in a small area, which

400 accelerates heating [8]. This also affects the process

duration: rapid heating can lead to localised

300 j overheating, which changes the mechanical properties

200 of the material and can cause undesirable deformation
100 or surface damage.

‘ vy = Oft. 9)

0 Under intensive processing conditions,

0 20 40 60 80 100 E different local zones of the metal surface layer are

—@— Percussive Statistical heated to different temperatures depending on the

processing method. For example, the temperature
can reach 300-400°C during rolling, 600-700°C
during smoothing, and 800-1000°C during impact
methods. This wide temperature range is due to the
different processing intensities, which include
pressure, friction and deformation rate. These factors
affect the depth of heat exposure and the structure of
the material, which in turn affects its mechanical
properties, such as strength, hardness and wear
resistance [8].

Fig. 14. Stress dependence on the degree of
deformation for low-hardness steel under load
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Fig. 15. Changes in the mechanical
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Fig. 16. Scheme of operation of an
instantaneous heat source near the body surface

Such heating can cause thermoplastic deformations and other undesirable phenomena that reduce the
surface hardening effect [8, 9]. Thermoplastic deformation leads to a sharp reduction in residual compressive
stresses on the surface, and in some cases, to their replacement by tensile stresses. This can lead to the
formation of secondary structures that impair the performance of the surface. The joints of different
structures become stress concentrators, which increases the likelihood of fatigue cracks. To avoid these
negative consequences, it is important to set the pressure and processing speed to a level that does not cause
the surface temperature to rise above the permissible level for a particular material.

Surface plastic deformation (SPD) processing is accompanied by complex structural and phase
changes characteristic of surface layer formation [9]. First, the metal grains are crushed into smaller blocks
(polygonisation), which results in a mosaic structure. With the further development of displacements along
the sliding planes, new, even finer grains are formed. In this process, the crystallites lose their globular
shape, flatten and stretch in the direction of deformation. There is a sharp change in the ratio of their sizes,
which leads to the formation of an ordered oriented fibrous structure. This structure has anisotropic
mechanical properties: the ductility along the fibres is much higher than in the transverse direction, which
affects the material's performance.

The main reason for hardening is an avalanche-like increase in the number of dislocations - defects
in the metal lattice that accumulate near the shear zones and slow down in front of various obstacles arising
during deformation [9]. Such obstacles can be crossed dislocations, where their trajectories intersect at a
certain angle, or deformation bands. The crushing of the metal into small blocks between the sliding planes,
their rotation, curvature of these planes and the accumulation of lattice defects contribute to the formation of
additional irregularities. This, in turn, increases the slip resistance and leads to hardening of the metal.

When supersaturated solid solutions are tacked, they partially disintegrate, resulting in the formation of
small particles of new structures. These particles, when they hit the sliding planes, block the movement of the
shear and prevent deformation. In the case of deformation of steels with a ferrite-pearlite structure, the solid
solution of a-iron and carbon decomposes, with iron carbides acting as obstacles in the form of small inclusions.
Nitrides, nitrogen compounds, can also be formed. The increase in hardness during plastic deformation of steels
with a martensitic structure is due to the partial transformation of residual austenite into martensite.

The specific volume of different structural components of the metal decreases in the following order:
tetragonal martensite, cubic martensite, pearlite (sorbitol, trostite) and austenite. If structural changes occur
during processing that lead to an increase in the specific volume (e.g., austenite to martensite
transformation), residual compressive stresses are generated. In the reverse process, when the volume
decreases, tensile stresses are generated [9, 10]. In addition, an increase in the number of crystal lattice
defects and the formation of submicroscopic cracks also leads to an increase in the specific volume of metal.
In the case of steels, this increase can reach 1.1%. This results in residual compressive stresses in the riveted
area that can reach 1200-1500 MPa, depending on the material and processing method. The depth of
propagation of these stresses is usually 10-50% greater than the depth of the hardened layer, and the
maximum stresses are observed at or near the surface due to thermal effects [10].
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Excessive machining forces can lead to over-peening, which results in dangerous microcracks in the
surface layer. This also contributes to the detachment of metal particles, and the surface grains are flattened so
much that they become almost indistinguishable. This results in a sharp increase in surface roughness. While

defamation can be reduced or completely eliminated by annealing, defamation is an irreversible process. After
over-coating, heating is not able to restore the original structure of the metal and its mechanical properties.

5. Conclusions

Surface plastic deformation processes during the machining of metal parts play a key role in the
formation of a surface layer with improved strength and wear resistance characteristics. During surface
plastic deformation, a complex interaction between elastic and plastic deformations, microstructure changes,
friction and thermal effects occurs. Important parameters of surface-plastic deformation are the elastic and
plastic deformations that occur in the contact zone between the tool and the surface being machined, as well
as the microhardness of the material, which determines its resistance to further deformation.

The surface is strengthened by inhibiting the movement of dislocations and forming new
microstructures that reduce the depth of plastic deformation. The Hertz and Meyer equations allow us to
determine the deformation characteristics for the elastic and plastic domains, although the actual processes in
surface-plastic deformation are more complex and take into account additional factors such as friction and
material anisotropy.

The process of impact and static tool pressing affects the depth of the riveted layer and the
microhardness of the material. Increasing the deformation force leads to deeper penetration of the tool into
the material, which increases the strength of the machined parts. Strain hardening of metals is achieved
through the accumulation of dislocations, which improves the mechanical properties of the material.
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METAJIOT'PA®IYHE JOCJIIIKEHHSA 3MIHU CTPYKTYPU JE®@OPMOBAHOI'O HIAPY
METAJIY IPU T'TAPOIMITYJIBCHOMY BUTJIA’KYBAHHI

11io uac obpobru mamepianis i3 3aCMOCY8AHHAM CIMAMUYHUX ADO YOAPHUX HABAHMANCEHb CROYAMKY
dopmyembcs 6i0OUMOK THCMPYMeEHMY, AKUU 32000M MPAHCHOPMYEMbCA 8 PAO Cidis, wo 3'eonyromuca. llpu
60A8NI0BAHHT MBEPOOi KYNi 8 MAmepian, nouamxosa npydcHa oegopmayis nepexooums y NAACHMUYHY 3
pocmom Hasawmadxcenus. Ilnacmuuni deghopmayii nowuproomecsa, 3a1uwaroyy 6i0OUMOK, po3mip AK020
3anescums 8i0 eracmugocmeli 00pooOII0BAH020 Mamepia).

Mixkpomeepdicms mamepiany € ajxdciuum HOKAZHUKOM U020 CMIUKOCMI 00 60A6MHO8AHHS, GUUI
BHAUEHHsl 3MEHUYIOMb PO3MIp 8i00umKie i enubuny degopmayiil, niosuwyouu 008208IUHICINbL MAMEPIAL).
I'nubuna Hakneny, axa 3anexcums 6i0 2AUOUHU BIOOUMKY, SUSHAYAEMbCA KOEDIYIEHMOM, WO B8APIHOEMbCA
3anexcHo 6i0 ymoe 0Opobku. [Hiamempu 8i006UMKI6 Ma HABAHMANCEHHS HA KV ONUCYIOMbCS PIGHAHHAMU
T'epya ma Meiiepa, sxi donomazaioms oyinumu xapaxmep 0eopmayiti y npyscHiil i nIACmMudHii 001acmsix.

Ilpoyecu 0bpobku, ki nionsearoms 6NAUCY Mepms | AHI30MPOnNii Mamepianis, € OiNbUL CKIAOHUMU,
MoMYy 3anpONOHOBAHI PIBHAHHA Malomb oOMedceHe 3acmocysauHs. Ilnacmuyna Oeghopmayin eéxazye Ha
CMYNIHb 3MIYHEHHS MAMEPIANy, KU 3MIHIOEMbCS 8 3ANEACHOCMI 8I0 CMPYKMYPHUX CKIAO0BUX MEMAT.
3oxpema, mapmencumui cmani 0eMOHCMPYIOMb GUWY 2IUOUHY HAKAEN) NOPIGHAHO 3 COPOIMOM.

Hegopmayitine 3miynenus npoxooums mpu cmadii: iHiyiayiro oucrokayitl, iXH0O 63aemodio ma
CKYNUEHHS, a4 MAKOJC [HMEHCUsHe 3miujenHs oucioxkayii. Lfi cmaodii 63aemonos’s3ani ma eniusaioms Ha
302GbHI MEXAHIYHI G1ACMUBOCMI Memanie. 3MIueHHs N0 MedNcax 3epeH 2paec 6adiciusy poib hnid Hac
Odepopmayii 3a 8UCOKUX MeMNePaAmyp, U0 Moxce 3IMIHI08AMU MEXAHIUHT 81ACTNUBOCE Mamepiaiy.

Kpim moeo, Oocniosxcenns niokpecioe 6ajdciugicmov PO3VMIHHA ~ MIKPOCMPYKIMYPHUX — 3MiH,
CHPUYUHEHUX NIACMUYHOW Oeopmayicio nid uac npoyecieé 00pobKuU nosepxwi. AHANIZYIOUU 63AEMOOTIO
NPYHCHOI ma naacmuyHoi Oeghopmayii, mexauizmu Oeopmayilino2o 3MIYHeHHs ma ehekmu HAKONUYEeHHS
oucnoxayiu, 00CiONCEHHS 0AIOMb 3MO2Y 3PO3YMIMU ONMUMI3AYII0 MeXaHIYHUX eracmusocmeti memanie. Lfi
BUCHOBKU € BANCIUBUMU Ol NIOGUUWEHHS 008208IYHOCMI, 3HOCOCMILKOCMI ma MiyHocmi 06pobaeHuUx
KOMHOHEHMI8, CNPUsiowu po3pobyi Oinbut eghekmueHux i HAOIHUX MEXHON02TU 0OPOOKU NOBEPXHI.

Knrouoei cnosa: memanozpagiune 00ciodcents, 0epopmMosanuti wap memaiy, CmMpyKmypHi 3MIiHU,
2IOPOIMNYIbCHE GUSTIAONCYBAHMNS, NOBEPXHEBA 0OPOOKA Memany, niacmudHa depopmayis, MIKpOCmMpPyKmypa,
MEXAHIYHT 61ACTMUBOCE MEMALI8, 0OPOOKA MUCKOM, MEXHOAO2IYHUL NPoYec.
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